Chronic inflammation is a potentially important physiological mechanism linking early life environments and health in adulthood. Elevated concentrations of C-reactive protein (CRP)-a key biomarker of inflammation-predict increased cardiovascular and metabolic disease risk in adulthood, but the developmental factors that shape the regulation of inflammation are not known. We investigated birth weight and breastfeeding duration in infancy as predictors of CRP in young adulthood in a large representative cohort study (n ¼ 6951). Birth weight was significantly associated with CRP in young adulthood, with a negative association for birth weights 2.8 kg and higher. Compared with individuals not breastfed, CRP concentrations were 20.1%, 26.7%, 29.6% and 29.8% lower among individuals breastfed for less than three months, three to six months, 6-12 months and greater than 12 months, respectively. In sibling comparison models, higher birth weight was associated with lower CRP for birth weights above 2.5 kg, and breastfeeding greater than or equal to three months was significantly associated with lower CRP. Efforts to promote breastfeeding and improve birth outcomes may have clinically relevant effects on reducing chronic inflammation and lowering risk for cardiovascular and metabolic diseases in adulthood.
Introduction
The association between adverse environments in infancy and poor health in adulthood has been known for almost a century [1, 2] . The key exposures, and the intervening mechanisms linking them to long run health outcomes, however, remain opaque. Research on the 'fetal origins hypothesis' has focused primarily on birth weight as a proxy for prenatal nutritional conditions and has consistently documented associations with adult cardiovascular and metabolic processes and outcomes [3] [4] [5] .
Recently, chronic inflammation has become a major focus of epidemiological and clinical research on cardiovascular disease [6, 7] , as well as community-based research into the mechanisms linking social environments and health [8] [9] [10] [11] . C-reactive protein (CRP) is a prototypical acute phase protein produced in response to pro-inflammatory cytokine signals, and it plays important roles in activating complement, promoting phagocytic activity and opsonizing bacteria, fungi and parasites-all activities that are central to innate immune defences [12] [13] [14] . However, chronic activation of inflammatory processes has been implicated in multiple aspects of atherosclerosis, including enhanced expression of cell adhesion molecules, leucocyte recruitment into subintimal space, uptake of cholesterol lipoproteins and fatty streak initiation, smooth muscle loss, and growth and destabilization of atherosclerotic plaques [7, 15] . The precise pathophysiological role of CRP in these processes is not clear, but CRP is widely used as a sensitive, endpoint marker of systemic inflammation that is consistently associated with elevated risk for incident cardiovascular disease [16] , type 2 diabetes [17] , late-life disability [18] and all-cause mortality [19, 20] . Levels of chronic inflammation are socially patterned in the USA, with significantly higher CRP concentrations in lower socioeconomic and disadvantaged race/ethnic groups [21] [22] [23] [24] [25] .
The extent to which chronic inflammation in adulthood is influenced by exposures in infancy is not known. A handful of international cohort studies has correlated lower birth weight with higher adult CRP [26] [27] [28] [29] , suggesting that inflammation may serve as an intervening mechanism linking lower birth weight and elevated chronic disease risk later in life [4, 5] . However, as with most observational cohort studies, residual confounding is a substantial concern: family socioeconomic status, for example, is strongly associated with birth outcomes, and may also establish trajectories of risk that predispose children to chronic disease in adulthood, independently of the prenatal environment [30] .
Furthermore, correlated aspects of the postnatal environment, often overlooked in studies that focus on birth weight, may have lasting effects on inflammation. Breastfeeding provides nutritional and immunological support to infants following delivery and has sensitive period effects on immune development and metabolic processes related to obesity-two potential avenues of influence on adult CRP production [31, 32] . Breastfeeding is of particular interest since current guidelines in the USA and the UK recommend exclusive breastfeeding to six months of age, and continued breastfeeding to at least 1 year [33, 34] . Only a small proportion of infants currently meet these recommendations [34, 35] , with lower uptake for some race/ethnic groups and mothers with lower levels of education [36] . Parallel race-and education-based disparities in birth outcomes further motivate attention to early environments as potential contributors to disparities in health later in life [37, 38] .
We investigated birth weight and breastfeeding duration in infancy as predictors of CRP in young adulthood, using data from the National Longitudinal Study of Adolescent Health (Add Health). The size, longitudinal scope and national representation of the Add Health cohort provide an exceptional opportunity to investigate the early life determinants of inflammation and their relevance to population health. In addition, the study design enables us to estimate sibling comparison models that account for unmeasured characteristics of early environments that are common to siblings, and that simultaneously affect offspring birth weight, breastfeeding decisions, as well as trajectories of health. Sibling comparison models-a form of fixed-effects modelling-use differences between siblings as the independent and dependent variables to estimate regression model parameters [39] . As a consequence, any characteristics, observable or unobservable, that are shared by siblings are differenced out of the model. A sibling fixed-effects approach is particularly useful for our purposes since it implicitly controls for many of the factors that may bias the estimated impacts of birth weight and breastfeeding on adult CRP. In this way, we are able to address concerns regarding residual confounding, and the primary emphasis on birth weight, that have been raised with respect to prior research on the fetal origins hypothesis [30, 40] .
Material and methods (a) Participants and study design
Data come from the first and fourth waves of the US National Longitudinal Study of Adolescent Health, a large, nationally representative study of the social, behavioural and biological linkages defining health trajectories from adolescence through to adulthood [41] . The Wave 1 in-home interview was conducted in 1994-1995 with a stratified random sample of 20 745 seventh through to 12th graders attending a nationally representative sample of 80 middle and high schools. Of this initial sample, 17 670 parents were also interviewed at Wave 1. Conducted in 2007-2008, Wave 4 provided both interview and biomarker data on 15 701 of the original study participants when they were 24-32 years old. Procedures for data access and analysis were implemented as approved by the Institutional Review Board at Northwestern University, and in agreement with the sensitive data security plan approved by Add Health data managers.
(b) Measurement of C-reactive protein
Prior validation studies in the USA have demonstrated that high-sensitivity CRP concentrations are relatively stable within individuals across time, with levels of variability that are comparable to total cholesterol, thereby supporting the use of a single CRP measure to indicate chronic levels of systemic inflammation [42, 43] . We measured CRP in dried blood spot (DBS) samplesdrops of capillary whole blood collected on filter paper (Whatman #903) following simple finger stick-that were collected from 94% of participants as part of the Wave 4 in-home interview [44] . DBS sampling has recently been incorporated into several populationbased surveys like Add Health, building on its longstanding application in routine neonatal screening programmes [45] . CRP was quantified based on modifications to a high-sensitivity protocol previously validated for use with DBS samples [46] . Results are reported as serum equivalent values, calculated from a conversion factor derived from the analysis of 80 matched serum and DBS samples. Prior validation of assay performance indicates that the DBS CRP method produces results that are comparable to gold standard serum-based clinical methods [46] .
(c) Independent variables
Information on participant birth weight and duration of breastfeeding was based on maternal recall in the Wave 1 parental interview. For breastfeeding duration, parents were asked, 'For how long was [child's name] breastfed?' and chose from seven categories: less than three months, three to six months, 6-9 months, 9-12 months, 12-24 months, greater than 24 months or never breastfed. Owing to small sample sizes for the categories above six months, for our analyses we consolidated responses of six months or more into '6-12 months' and 'greater than 12 months'. Breastfeeding duration was entered into regression models as a series of indicator variables, with no breastfeeding serving as the omitted reference group. Birth weight was entered as a continuous variable and a squared term after preliminary analyses suggested a nonlinear association between birth weight and CRP. In addition to these primary independent variables, non-fixedeffects models included a comprehensive set of sociodemographic and contextual variables collected during Wave 1 (e.g. gender, race/ethnicity, parental education) and health behaviour variables at Wave 4 known to influence inflammation (e.g. smoking, oral contraceptive use). Waist circumference at Wave 4 was measured to the nearest 0.5 cm at the superior border of the iliac crest [44] .
(d) Data analysis
Complete data were available for n ¼ 10 422 participants. The majority of cases with incomplete data were missing information rspb.royalsocietypublishing.org Proc. R. Soc. B 281: 20133116 concerning the key independent variables of breastfeeding duration (missing for n ¼ 2352) and birth weight (missing for n ¼ 2592). Studies measuring CRP as a biomarker of chronic, low-grade inflammation typically remove from the analysis individuals with acute elevations in CRP owing to infection around the time of blood collection since these values do not represent baseline levels of inflammatory activity that are predictive of subsequent risk for chronic disease [7] . For this analysis, we excluded individuals reporting symptoms of infection in the two weeks preceding blood collection (n ¼ 3337), based on the presence of any of the following self-reported symptoms: cold or flu-like symptoms (22.4% of sample), fever (4.3%), night sweats (4.0%), nausea/vomiting/diarrhoea (7.5%) and/or frequent urination (2.7%). High rates of symptoms-particularly cold or flu-like symptoms-may be due in part to reporting bias, but prior to constructing the summary infectious symptoms variable we confirmed that each symptom was associated with significantly elevated concentrations of CRP in our sample. For example, median CRP was 2.81 mg l 21 for individuals reporting cold/flulike symptoms, in comparison with 1.81 mg l 21 for those not reporting cold/flu symptoms. Pregnant women (n ¼ 363) were also excluded, resulting in a final sample of n ¼ 6951. Analyses were implemented in STATA (v. 12, StataCorp, College Station, TX, USA) with Add Health longitudinal sampling weights, which adjust for complex sample design, selection and non-response.
Following previous research [27, 47] , we implemented a stepwise series of models to isolate the independent associations of birth weight and breastfeeding with CRP in young adulthood. First, we estimated bivariate associations between birth weight and logtransformed CRP (base 10), and between breastfeeding and log CRP, using weighted least-squares regression. Preliminary analyses indicated that the association between birth weight and log CRP was approximately linear across the range of birth weights, with the exception of values at the very low end of the birth weight distribution. We therefore included a quadratic term (birth weight 2 ) to account for this nonlinearity. We then included a series of Wave 1 and 4 control variables, representing factors that may confound associations between early environments and adult CRP. In a final model, we added waist circumference at Wave 4 to evaluate central adiposity as a potential mediator of early environment effects on inflammation. Preliminary analyses indicated that patterns of association were similar for males and females, with no evidence for statistically significant interactions between birth weight or breastfeeding duration and CRP. This series of models was then repeated using sibling fixed effects regression for the subset of full biological siblings in the dataset (n ¼ 698, with 346 sibling groups comprised of 340 pairs and six sibling trios). These models included only those control variables that differed across siblings. All analyses were repeated to evaluate the sensitivity of results to alternative strategies for handling acute elevations in CRP. In particular, we implemented models excluding outlier values for CRP (greater than 25 mg l 21 ), and models including covariates for infectious symptoms to adjust for acute inflammation, rather than excluding these observations from the analytic sample.
Results
Overall, 44.8% of participants were breastfed as infants for some amount of time, with large differences in initiation and duration across race/ethnic and education groups (tables 1 and 2). Mean birth weight in the sample was 3.38 kg (7.45 lbs), with significant differences across race/ethnic and education groups as well (table 2) . Median CRP concentration was 2.08 mg l 21 for the entire sample and 1.69 mg l 21 for the analytic sample. The analytic sample excluded participants with infectious symptoms at the time of blood collection, as values associated with acute inflammatory responses do not represent baseline levels of chronic inflammation that are predictive of subsequent disease risk [7] . Table 3 presents results from the weighted least-squares regression models and documents significant differences in adult CRP associated with race/ethnicity and parental education (model 1). In particular, higher CRP concentrations among African Americans, and among individuals from households with less educated parents, are consistent with prior research in the USA [48] . There is a significant, but nonlinear, association between birth weight and CRP in adulthood (model 2). This association strengthens when breastfeeding duration (model 4), other control variables (model 5) and waist circumference (model 6) are considered. For the small proportion of birth weights of less than 2.8 kg (12.9%), the association between birth weight and CRP is positive, while above 2.8 kg the association is negative. Predicted CRP in adulthood for individuals born at 2. In unadjusted models, and after accounting for birth weight (models 3 and 4), breastfeeding duration is a significant predictor of lower CRP in young adulthood. The pattern of coefficients suggests a threshold association between breastfeeding duration and CRP, with substantially lower concentrations of CRP for individuals breastfed for three months or longer. Associations were attenuated, but remained statistically significant, with the addition of baseline covariates representing potentially confounding influences (model 5). When waist circumference in adulthood was added to the model, associations between breastfeeding duration and CRP were attenuated further but remained statistically significant (model 6). The significant associations between CRP and race/ethnicity and parental education reported in model 1 are substantially reduced in magnitude when birth weight and breastfeeding duration are considered in the models. Waist circumference is a well-established predictor of chronic inflammation [49] , and prior research has documented protective effects of breastfeeding in preventing overweight and obesity in adulthood [50] . These associations suggest that waist circumference represents a plausible mediator of the effects of breastfeeding on inflammation. Accordingly, we conducted Sobel-Goodman tests of statistical mediation [51] .
Results indicate that adult waist circumference accounted for 37.3% ( p ¼ 0.07), 50.8% ( p , 0.001), 41.2% ( p , 0.001), and 43.6% ( p , 0.01) of the association between adult CRP and breastfeeding durations of less than three months, three to six months, 6-12 months and greater than 12 months, respectively, relative to non-breastfed individuals. Figure 1 presents the association between breastfeeding duration and CRP, without adjustment for waist circumference. Compared with individuals not breastfed, CRP concentrations were 20.1%, 26.7%, 29.6% and 29.8% lower among individuals breastfed for less than three months, three to six months, 6-12 months and greater than 12 months, respectively. Table 4 presents results from fixed-effects sibling models. As might be expected from the smaller sample size and more limited variation in dependent and independent variables, standard errors are considerably larger than in table 3. Differences in birth weight across siblings significantly predicted differences in adult CRP concentration, with a nonlinear pattern of association similar to results from the full sample. The Owing to the more limited variation in breastfeeding duration between siblings than in the full population, we chose three months as a single cut-point based on results in table 3 (25 sibling pairs and one sibling trio contained siblings on both sides of the three month breastfeeding cut-point, for a subsample of n ¼ 53 'discordantly fed' participants). The estimated magnitude of the association between breastfeeding duration and CRP is larger than in table 3, with a statistically significant association between longer breastfeeding and lower adult CRP after covariate adjustment (model 4). According to this model, predicted CRP in adulthood is 2.25 mg l 21 (95% CI: 1.79, 2.72) in siblings breastfed less than three months, compared with 1.21 mg l 21 (95% CI:
0.70, 1.71) for those breastfed three months or longer, a 46.2% difference in adult CRP concentrations. Finally, we evaluated the robustness of these results to alternative strategies for controlling for infectious symptoms around the time of blood collection. Specifically, we repeated our analyses using an indicator variable to control for the presence of infectious symptoms, rather than excluding individuals with infectious symptoms from the analytic sample. We also considered a series of models that excluded individuals with CRP . 25 mg l 21 (n ¼ 295) to eliminate potential influence of outlier values. Results from least-squares regression models were very similar for breastfeeding duration, both in terms of magnitude and significance of the associations with CRP. Birth weight coefficients were also similar, but attenuated in magnitude. Results from sibling comparison models were similar, although the coefficients for the association between CRP and birth weight and breastfeeding greater than three months were substantially smaller in magnitude in the fully adjusted model.
Discussion
Clinicians, researchers and policy-makers increasingly emphasize the importance of prenatal and early postnatal environments in influencing physiological function and health over the life course [4, 52] . In this analysis, we document large disparities in birth weight and rates of breastfeeding associated with race/ethnicity and education level. We present evidence that lower birth weight and shorter durations of breastfeeding both predict elevated concentrations of CRP in young adulthood, indicating increased risk for cardiovascular and metabolic diseases that are major health burdens in the USA and the UK. Clinical trials have demonstrated that statin therapy reduces CRP in healthy adults by 14.8-17.4% [53] [54] [55] . Our results suggest that the effects of breastfeeding on adult CRP are comparable, or larger, in magnitude. Advantages of our study include the use of a large, nationally representative sample and the application of sibling fixedeffects models that account for hard-to-measure attributes that may otherwise confound associations between early environments and adult health. A limitation of our study is the application of maternal recall to collect information on birth weight and breastfeeding duration. However, prior validation studies indicate that maternal reports of birth weight correlate highly with birth records, and that breastfeeding initiation and duration are also reported with high validity and reliability [56, 57] . In addition, similar to other epidemiological studies of inflammation [17, 58, 59] , the Add Health study uses a single CRP measure to assess baseline levels of inflammation, which makes it more difficult to differentiate acute from chronic, lowgrade inflammatory activity. Multiple CRP values would be preferable, but we use infectious symptoms to control for the predominant source of acute activation in young adults.
To the best of our knowledge, this study is the first to document an association between birth weight and CRP in sibling comparison models, which eliminate a wide range of potentially confounding influences on adult CRP and increase our confidence in concluding that aspects of the prenatal environment have effects on the regulation of inflammation that last into adulthood. At birth weights above 2.5-2.8 kg, we find a negative association between birth weight and CRP, consistent with prior studies [26] [27] [28] [29] 60] . We are not aware of previous research documenting positive associations between CRP and birth weight at the low end of the birth weight distribution, but it is not clear if prior studies adequately considered the possibility of nonlinear associations. Since lower birth weights in the USA are typically associated with shorter gestation, it is possible that pre-term delivery is contributing to this pattern of results. Unfortunately, the Add Health study did not collect information on gestational age, so exploring this issue in greater depth remains for future research. Regardless, a large body of epidemiological research has documented associations between birth weight and risk for cardiovascular and metabolic diseases later in life [4, 5] , and our results point towards chronic inflammation as a potentially important intervening mechanism.
While the prenatal environment has been the primary focus of research on the fetal origins hypothesis, postnatal feeding decisions may provide additional opportunities for intervention, particularly given low rates of extended breastfeeding in the USA and the UK. Our findings are consistent with prior studies in New Zealand and Scotland [61, 62] and are important in demonstrating negative associations between breastfeeding rspb.royalsocietypublishing.org Proc. R. Soc. B 281: 20133116 duration and CRP concentration in a large representative sample of adults in the USA. Results from sibling comparison models are particularly compelling in that they control for many characteristics of families-observed or unobservablethat may bias estimates of the impact of breastfeeding on adult CRP. Although the relatively small number of discordant siblings cautions against over-interpretation, it is worth noting that the magnitude of the association between breastfeeding duration and CRP was substantially larger in the sibling comparison models. Consumption of breast milk in infancy may have lasting effects on inflammation by shaping regulatory pathways during sensitive periods of immune development [63, 64] . Effects of breastfeeding may also be indirect, through programming of metabolic pathways that reduce the accumulation of body fat and the production of pro-inflammatory cytokines [49, 50] . Lower birth weights and shorter durations of breastfeeding are associated with elevated concentrations of CRP in young adulthood. Efforts to improve birth outcomes, and to increase the initiation and duration of breastfeeding in accordance with current recommendations, may reduce levels of chronic inflammation in adulthood and lower risk for chronic degenerative diseases of ageing. A focus on environments early in development may also help address social disparities in population health outcomes in adulthood, which run parallel to, and perhaps derive in part from, social disparities in birth weight and breastfeeding behaviour [38, 65] . 
